Ulex europaeus is one of the world worst invaders vegetal species and its suitability for biogas production is significant. . The conditions that simultaneously maximized the BMP and k were an inoculum consisting in 55% (v) of granular sludge and 45 % (v) of suspended sludge from a sludge digester, an ISR of 4 g g À1 , and a particle size of 1.9 mm. Considering the average biomass production in shrub land areas, the potential energy production from U. europaeus is estimated in (36.9 ± 19.3) GJ ha À1 yr
Introduction
Exponential growth on energy demand and the limited reserves of fossil fuels, turns urgent to find alternative and diverse sources of renewable energy. Lignocellulosic waste from forests, mainly shrub, is widespread available at relatively low cost. Because it does not compete with food crops, it can contribute for the worldwide bioenergy scenario.
Ulex and Ulex europaeus is one of the 30 most invasive plant species in the world according to the World Conservation Union (IUCN) [1] . The species is considered as invasive in many parts of the world at different latitudes, including New Zealand, Australia, America (Chile, Colombia, California (USA), Oregon (USA), etc.) and tropical islands (Hawaii, Reunion) [2] , though the centre of origin of Ulex is Portugal [3] . Shrubland areas, rich in biomass, occupy 1.9 million hectares in the Portuguese territory [4] and close to 1 million hectares in the region of Galicia (Spain) [5] .
These areas are increasing rapidly due to the abandonment of agricultural land, which is rapidly becoming shrubland. Ulex sp.
(also known as gorse, furze or whin) is an evergreen shrub in the family Fabaceae, which can go from 30 cm (Ulex minor) up to 3 m (U. europaeus) [6, 7] . It creates an extreme fire hazard due to its oily, highly flammable foliage and seeds, and abundant dead material. It not only increases the risk of fire, but also produces a hotter fire than most weeds and the seeds are adapted to germinate after slight scorching by fire. The regular harvesting of shrubland areas in general and Ulex sp. in particular, might be valuable for diminishing the large greenhouse gas emissions associated to frequent wildfires in these regions [8] , besides its suitability for energy production.
Biogas production through an anaerobic digestion process, using organic waste and plant biomass as feedstock, is one of the most economically cost-efficient renewable energy technologies [9] . The only attempt to explore Ulex sp. to produce biogas was reported by Eiroa et al. [10] . Only 34 % of the theoretical methane production from Ulex sp. was achieved, suggesting that some process improvements needed to be applied. Several studies [11] have reported multiple pre-treatments to enhance the methane yields in the anaerobic digestion of lignocellulosic biomass. Although, these pre-treatments increased, significantly, the cost of process and compromise the economic viability of the scale-up process to an industrial scale [11] . Instead of pre-treatments, there are several parameters in a simple anaerobic digestion process that could be optimized. Biochemical methane potential (BMP) and methane production rate (k) of a given substrate can be severely influenced by several parameters, including the type of inoculum and inoculum to substrate ratio (ISR) [12] . The particle size and corresponding surface area is another factor that deserves attention in the digestion of recalcitrant substrates [13] .
This work aims at determine the influence of three variables, namely, inoculum type, substrate particle diameter (dp) and ISR, on the BMP and k of Ulex sp.. A response surface experimental design was used to statistically determine the most important variables and possible interactions. A central composite face centred design was chosen, where each factor (variable) was varied over 3 levels.
Methods

Anaerobic biodegradability assays
Inoculum and substrate
Biodegradability assays were performed using three different inocula: anaerobic suspended sludge (S), from a municipal wastewater treatment plant, anaerobic granular sludge (G), from a brewery industry, and a mixture (M) of the two previous inocula (50/50 TS). The inocula were characterised in terms of volatile solids (VS) and specific methanogenic activity, regarding the acetate (SAA) and hydrogen (SHMA) [14] . The specific cellulolytic activity (SCA) was determined as the initial methanogenic activity using avicel as substrate (Table 1) .
Ulex sp. was collected in a shrubland in the North of Portugal (N41 32 0 18.20 00 and W8 21 0 21.96 00 ). It was dried at room temperature, for one week, and then crushed in an industrial mill into 3 different fractions: particles with diameters of 0.5 mm, 2.25 mm, and 4 mm. The samples were characterised in terms of total solids (TS) and VS, total and soluble chemical oxygen demand (COD and CODs, respectively), total kjeldahl nitrogen (TKN), ammonium (NeNH 4 þ ), Klason lignin, xylan and glucan (Table 1) .
Experimental procedure
Biodegradability assays were performed according the directives defined by Angelidaki et al. [15] . Bottles were prepared by adding the substrate (Ulex sp.), inoculum (anaerobic sludge), and basal medium [15] 
Hydrolysis extent was evaluated considering the percentage of solubilisation (P Sol. , expressed in %), which is the percentage of the initial COD added to the vials that was solubilised during the anaerobic biodegradability assay (Eq. (3)). The soluble COD measured in the beginning (COD si ) and at the end (COD sf ) of each assay and the methane produced (COD CH4 ) during the assay were used to calculate this parameter. All values of COD were expressed in g.
Analytical methods
For the characterisation, Ulex sp. samples were crushed, forming a powder with particle diameters <0.5 mm. TKN, TS, and VS were measured according to standard methods [16] . Total and soluble COD were determined using standard kits (Hach Lange, Düsseldorf, Germany). Ammonium (NH 4 þ ) was determined by the Nessler method [16] . Klason lignin, xylan and glucan were analysed according to NREL protocols [17] .
Volatile fatty acids (VFA) were determined by high-performance liquid chromatography (HPLC) (Jasco, Japan) equipped with a UV detector (210 nm) and a Chrompack column (6.5 mm Â 30 mm) at 60 C and using sulfuric acid (0.5 mol L À1 ) as mobile phase at a flow rate of 0.6 mL min
À1
. Methane content in the biogas was analysed in a gas chromatograph (Chrompack 9000) equipped with a FID detector and a 2 m Â 1/8 00 Chromosorb 101 (80e120 mesh) column, using nitrogen as carrier gas (30 mL min À1 ); column, injector, and detector temperatures were 35 C, 110 C, and 220 C, respectively.
Statistical analysis 2.3.1. Response surface design of experiments
Experimental design allows studying the effects of more than one factor at two or more levels. It generally includes various combinations of different factor levels, which enables it to depict Table 1 Inocula and substrate characterisation. Specific methanogenic activity are expressed in volume of methane at STP conditions divided by amount of VS of inoculum and time (mL g À1 d
À1
). The parameters of substrate characterisation were determined per amount (g) of Ulex europaeus.
Suspended sludge
Granular sludge Mixed sludge
0.94 ± 0.05
0.0163 ± 0.0002
0.055 ± 0.002 Glucan/(g g À1 ) 0.175 ± 0.020 SAA e specific acetoclastic activity. SHMA e specific hydrogenotrophic methanogenic activity. SCA e specific cellulolytic activity.
the interactions among different factors and to deal with a large number of factors, compared with univariate design [18] . Central Composite Face Centred (CCFC) is a three-level factorial design, where the star points are at the centre of each face of the factorial space, so a ¼ ±1 [19] .
The total number of assays required for three independent variables (N) was calculated using Eq. (4). Where f is the number of independent variables, therefore N ¼ 15, given a total of 45 assays considering triplicates.
The values of the independent variables were normalized from À1 to þ1 using Eq. (5) [20] to provide the comparison of the coefficients and visualization of the individual independent variables on the response. Where, X i is the coded (transformed variable), y i are the original (untransformed) values of the variables, and y þ and y À are the upper and lower limit value of the variable.
The design matrix of the experiments and their statistical analysis were made by means of the software package DesignExpert ® (Stat-Ease, Inc., Minneapolis, USA). For response surface methodology, a second-order polynomial model (Eq. (6)) was used to describe the effects of the three factors (Table 2 ) on a response based on experimental results from CCFC. In Eq. (6), Y i is the response variable, b 0 is the constant, b i is the linear effect, b ii is the quadratic effect, b ij is the interactive effect and X i is the coded factor level.
The quality of the fit of the polynomial model equation was evaluated by the coefficient of determination R 2 and the statistical significance was evaluated by the Fisher's F-test for analysis of variance (ANOVA) with a 95 % confidence level. The effect of each independent variable and also their interaction effects were determined.
Results and discussion
Biochemical methane potential
Ulex sp. has high COD concentration, a moisture content of 32 %, while 97 % of the TS are VS (Table 1) , suggesting it as a good biomass for anaerobic biodegradability. Around 10 % are proteins while 17 % are lignin, and glucan content reach 18 % ( Table 1 ). The high complex structure and heterogeneity are the major challenge for the anaerobic digestion of lignocellulosic biomass [21] .
BMP assays were performed according to the matrix in Table 3 , to assess the influence of the inoculum type, dp and ISR. The microcrystalline avicel (control) had methane yields of (93 ± 2) %, (98 ± 2) % and (96 ± 4) %, respectively for suspended, mixed and granular sludge, demonstrating a good cellulolytic activity of all inocula. Fig. 1 shows the cumulative methane production (COD CH4 ) during the anaerobic biodegradability assays using suspended sludge (Fig. 1a) , mixed sludge (Fig. 1b) and granular sludge (Fig. 1c) . 80 % of the maximum methane produced was achieved after around 1 month of operation. Table 3 shows the results obtained at the end of the assays. The best results were obtained in the assays 16e18 ((308 ± 13) L kg À1 with granular sludge, dp ¼ 0.5 mm, ISR ¼ 4 g g À1 ) and 42e45
((308 ± 1) L kg À1 with mixed sludge, dp ¼ 2.25 mm, ISR ¼ 4 g g
À1
). B 0 varied between 31 % and 62 %, confirming that a significant portion of the available substrate is not being converted to methane and that all parameters tested had an important influence on the BMP determination for the Ulex sp.. In this case is difficult to analyse the influence of each variable independently. Therefore, a statistical analysis was carried out to quantify which factors and respective Test Inoculum a dp mm interactions have more influence on the determination of a BMP for Ulex sp.. The factors with p-value < 0.05 were considered significant (Fig. 2a) , i.e. the variables with higher influence in the BMP results were:
Consequently, all the variables should be considered in the model, as defined by Eq. (7), where A, B and C are the actual values of the inoculum type, dp and ISR, respectively. The model R 2 
The higher variability in the BMP results occurs due to changes in the ISR factor, i.e. decreasing the ISR from 4 g g À1 to 1 g g À1 , caused 35 % to 40 % decrease in the BMP determined for Ulex sp. (Table 3 ). This trend is clearly visible in the response surface of the BMP results as a function of the Inoculum and ISR for dp ¼ 1.95 mm (Fig. 3b) , and as a function of the dp and ISR for the granular sludge (Fig. 3c) . Similar trends were observed for other dp and inoculum type. When designing a BMP assay is necessary to ensure that the inoculum concentration is high enough to prevent inhibition.
Theoretically, the BMP should be independent of the ISR, but in this study the BMP results were influenced by the ISR ratio suggesting that inhibition occurred in the assays with low ISR. Neves et al. [11] used different ISR values when digesting kitchen waste and stated that the ISR was more important than other factors such as activity and alkalinity. Although the optimum ISR was not determined within the range studied, according to our model we can say that at least an ISR ¼ 4 g g À1 is necessary.
The BMP is determined as the maximum methane that can be produced by a given substrate, i.e. it is calculated as the maximum plateau of the cumulative methane production profiles. According to these, only the biodegradability rate should depend on the inoculum type, source, activity, concentration, etc., and the BMP should be independent. However the BMP determined with suspended sludge were 12 % to 23 % lower than the BMP of the same assays using granular sludge as inoculum (Table 3 , Fig. 3a,b) , considering a similar time frame (e.g. in Table 3 , assays 1e3 and 13e15 had the same conditions, except the type of inoculum). As observed in the surface plots the BMP increased with higher percentages of granular sludge (Fig. 3a,b) , although with lower variation when compared with the ISR effect (Fig. 3b) . Although no interactions were considered significant (Fig. 2a) , it is possible to state that by using granular sludge as inoculum the ISR can be decreased, while attaining the same BMP (Fig. 3b) . Probably this is because granular sludge has a significantly higher specific methanogenic activity. Thus, we propose that the ISR parameter could consider the quality (activity) and not only the quantity (solids) of inoculum. Eventually, by extending the time frame, the BMP differences between each assay would be decreased or even eliminated.
The inoculum type and concentration had high influence in the organic matter solubilisation since the P Sol. varied significantly. Though the granular sludge had higher percentage of solubilisation, 
Control
(c) Fig. 1 . Cumulative methane production (COD CH4 ) with suspended sludge (a), mixed sludge (b) and granular sludge (c) as inoculum. The legend indicates the assay number and respective conditions [particle size (dp)/inoculum to substrate ratio (ISR)] (e.g. t1 [dp ¼ 0. the accumulation of intermediates partially inhibited the methanogenesis, being 17 % of the soluble COD not converted to methane. This value was slightly smaller, around 10 %, for the suspended and the mixed sludge. The main problem with Ulex sp. biodegradation was its recalcitrant nature, which made it impossible to achieve higher solubilisation yields. Ulex sp. contains compounds that are poorly or not biodegradable, meaning lignin and glucan, booth consist around one third of the biomass composition. No inhibition by ammonia was observed. The significant effect of dp and dp 2 is also visible (Fig. 2a) .
Indeed, regarding the particle size, a concave surface was observed, with the optimal particle size near the middle level tested. According to the model defined by the statistical analysis, the maximum BMP for Ulex sp. would be obtained using granular sludge as inoculum (X 1 ¼ 1), an ISR of 4 g g À1 and a dp of 1.95 mm (upper corner in Fig. 3b ). In those conditions the BMP would be 324 L kg
À1
, representing a methane yield of 65 %, which is a remarkable value for practical purposes.
Biodegradability rate
The initial biodegradability rate (k) was determined as the slope of the initial specific methane production and is expressed by volume of CH 4 (Table 3 ). Fig. 2b shows the pvalue for each variable tested and their interactions. The variables with p-value < 0.05 are considered significant, whereas lower values correspond to the most significant parameters. Thus the model should consider: . The ISR effect is almost linear, and the biodegradability rate increased with the ISR, as expected (Fig. 4b,c) .
The inoculum type factor showed a concave surface (Fig. 3a,b) . The optimal biodegradability rate was obtained for 55% of granular sludge and 45 % of suspended sludge (Fig. 3b) . This is an important outcome of this work that demonstrates as the mixing of inocula as a strategy to be considered for a faster methane production rate, from complex substrates. Also, the particle size shows a concave surface with the optimum diameter at 1.80 mm (Fig. 3a,c) .
Optimization of the anaerobic biodegradability of Ulex sp. and potential energy generation
An anaerobic process for the biodegradability of Ulex sp. should consider both the optimization of the specific methane production and the initial biodegradability rate. In this way it is possible exploit the methane recovered from the substrate but also decreases the size and hydraulic retention time of the bioreactor, and ; (b) Inoculum and ISR (dp ¼ 1.95 mm); (c) dp and ISR (Inoculum ¼ 100 % granular sludge).
consequently decrease the costs associated. According to the models defined, the concomitant optimization of BMP and k suggests the use of an inoculum with 56 % of granular sludge and 44 % of suspended sludge, a particle size of 1 . The total forest area in Europe is 1.1E9 ha [23] . Considering that 20% of total forest area is shrub and that only 60 % of the total shrub land area can be used for energy exploitation, to keep the ecological maintenance [5] , an average estimate energy supply of (4.6 ± 2.4) EJ yr À1 could be reached in Europe, which is about 6.5 % of the European energy needs [23] . . A mixture of granular and suspended sludge and a high ISR had a positive effect on the initial biodegradability rate.
Conclusions
-No inhibitions were observed and the hydrolysis was the limiting step. -An inoculum consisting in 55 % of granular sludge and 45 % of suspended sludge (v/v), an ISR of at least 4 g g À1
, and a particle size of 1.85 mm were defined as the optimal condition to simultaneously maximize the BMP and k.
-Considering data of shrub land area in Europe, the energy potential demonstrated from Ulex sp., could result in an average potential energy supply of (4.6 ± 2.4) EJ yr À1 in Europe. )) of Ulex sp. as a function of: (a) inoculum and dp (ISR ¼ 4.0 g g À1 ); (b) Inoculum and ISR (dp ¼ 1.80 mm); (c) dp and ISR (Inoculum ¼ 55 % granular sludge þ 45 % suspended sludge).
